In the past few years there have been significant advances in the identification of putative stem cells also referred to as "mesenchymal stem cells" (MSC) in dental tissues including the dental pulp. It is thought that MSC in dental pulp share certain similarities with MSC isolated from other tissues. However, cells in dental pulp are still poorly characterized. This study focused on the characterization of progenitor and stem cells in dental pulps of erupted and unerupted mice molars. Our study showed that dental pulps from unerupted molars contain a significant number of cells expressing CD90+/ CD45-, CD117+/CD45-, Sca-1+/CD45-and little if any CD45+ cells. Our in vitro functional studies showed that dental pulp cells from unerupted molars displayed extensive osteo-dentinogenic potential but were unable to differentiate into chondrocytes and adipocytes. Dental pulp from erupted molars displayed a reduced number of cells, contained higher percentage of CD45+ and lower percentage of cells expressing CD90+/CD45-, CD117+/CD45-as compared to unerupted molars. In vitro functional assays demonstrated the ability of a small fraction of cells to differentiate into odontoblasts, osteoblasts, adipocytes and chondrocytes. There was a significant reduction in the osteo-dentinogenic potential of the pulp cells derived from erupted molars compared to unerupted molars. Furthermore, the adipogenic and chondrogenic differentiation of pulp cells from erupted molars was dependent on a long induction period and infrequent. Based on these findings we propose that the dental pulp of the erupted molars contain a small population of multipotent cells, whereas the dental pulp of the unerupted molars does not contain multipotent cells but is enriched in osteodentinogenic progenitors engaged in the formation of coronal and radicular odontoblasts.
Introduction
Odontoblasts are exclusively dentin-producing cells morphologically and functionally distinct from osteoblasts secreting bone matrix. These highly specialized tall columnar cells are located at the periphery of the dental pulp and differentiate from neural crest-derived dental papilla cells at the late bell stage of tooth development [1] . The differentiation of dental papilla into odontoblasts is dependent on signals and growth factors derived from the inner dental epithelium and basement membrane [1] .
After differentiation, odontoblasts secrete unmineralized predentin, a type I collagen-rich matrix considered to be similar to the osteoid in the bone [1, 2] . Predentin mineralizes at the mineralization front to form dentin [1, 2] . The mineralization of dentin is initiated and controlled by deposition of hydroxyapatite crystals and non-collagenous proteins (NCP) secreted by the odontoblasts [2] [3] [4] . Dentin phosphoprotein (DPP) and dentin sialoprotein (DSP) are specific cleavage products of a single gene named dentin sialophosphoprotein (DSPP) with roles in dentin formation and mineralization [5] [6] [7] . Expression of DSPP and DSP has been used as a marker to distinguish differentiated odontoblasts from undifferentiated progenitors and from osteoblasts [8] [9] [10] .
Dentin secreted by odontoblasts until the completion of root formation is defined as primary dentin. Following primary dentinogenesis, odontoblasts remain functional and secrete secondary dentin laid down after the complete eruption of the tooth into occlusion [3, 4] . Secondary dentin is secreted throughout life at a much slower rate than primary dentin and results in a decrease in the size of the pulp chamber. Primary and secondary dentin secreted by odontoblasts, are characterized by closely packed dentinal tubules that span the entire thickness of the dentin [1, 3] .
Dentin-pulp complex has regenerative potential that leads to the formation of tertiary dentin (reviewed by [3, 4] . In response to mild environmental stimuli (attrition or early caries) preexisting live odontoblasts upregulate their secretory activity and secrete a tubular reactionary dentin matrix (reviewed by [3, 4] . On the other hand, strong noxious stimuli (deep caries or pulp exposure) that lead to destruction of existing odontoblasts is followed by formation of reparative dentin secreted by a new generation of odontoblast-like cells derived from dental pulp [3, 4] . Reparative dentin is an atubular structure containing cells trapped within the matrix also referred to as osteodentin. Reparative dentinogenesis occurs in the absence of inner dental epithelium and basement membrane and is thought to be dependent on multiple signaling molecules sequestrated in the dentin matrix [3, 4] .
Potential populations of cells within dental pulp capable of giving rise to the new generation of odontoblast-like cells during reparative dentinogenesis are numerous and include the cellrich layer of Höhl adjacent to the odontoblasts, undifferentiated mesenchymal cells and fibroblasts [3, 4] . More recently, a putative post-natal stem cells in human adult third molars referred to as dental pulp stem cells (DPSC) were isolated and suggested to be among the potential population of cells involved in reparative dentinogenesis [9, 11] . Transplantation of in vitro expanded DPSCs mixed with hydroxyapatite/tricalcium phosphate particles formed pulp-dentin like tissue complexes in immunocompromised mice [9, 11, 12] . In these studies DPSCs formed vascularized pulp-like tissue, surrounded by a layer of odontoblast-like cells expressing DSPP without an active hematopoietic marrow [9, 11] . These studies suggested that human adult dental pulp contained a small population of self-renewing, highly proliferative multipotent stem cells that reside within a larger population of more committed progenitors [13] [14] [15] . The same group also identified a potential mesenchymal stem cell (MSC) population derived from exfoliated deciduous human teeth (SHED), capable of extensive proliferation and multipotential differentiation suggesting their involvement in reparative dentinogenesis [16] . Further studies showed that the DPSCs expressed putative stem cell marker, STRO-1 perivascular cell marker CD146, and a proportion of these cells also co-expresses a smooth muscle actin and the pericyte-associated antigen 3G5 suggesting that a population of DPSCs may reside in this perivascular niche within the adult pulp [14, 17] .
MSC, first described in post-natal bone marrow [18] , constitute a rare population of cells of non-hematopoietic origin that were identified by their adherence to plastic tissue culture dish and their fibroblastic morphology. When transplanted into an animal, these cells formed bone, cartilage, hematopoietic marrow, fat cells and the stroma that supports blood formation (reviewed by [19] ). On the basis of their origin and their multipotency these cells were originally referred to as "bone marrow stromal stem cells" (BMSCs). More recently, these cells have been referred to as mesenchymal stem cells [19] . However, due to the lack of substantial evidence for the ability of BMSC to differentiate into non-skeletal cell types, it has been suggested that BMSC in bone marrow should be referred to as "skeletal stem cells" (reviewed by [19] ).
An "MSC-like population" has been characterized and identified in various adult tissues using criteria established for BMSCs. The search for the identification of the "MSC-like population" in hard tissues has led to the discovery of "dental-MSC-like population" in post-natal human teeth including cells isolated from exfoliated deciduous teeth (SHED) [16] , apical part of the papilla (SCAP) [20] , dental follicle (DFSC) [21] [22] [23] , and periodontal ligament (PDLSC) [24] [25] [26] [27] . "Dental-MSC-like population" has also been obtained from pulps of impacted third molars [10, 28] , fractured crowns [29] and supernumerary teeth [30] .
More recently "stem cells" and/or "dental-MSC-like population" have also been isolated from pulps of deciduous and permanent teeth in various animal models [8, 13, [31] [32] [33] [34] [35] [36] . Although these studies provided valuable information about the in vitro mineralization potential of pulp cells, the dentinogenic potential of these cells has not been fully examined and characterized. Furthermore, there has been little attention to possible differences between the so-called "dental-MSC-like population" isolated from different types of teeth or in teeth at different stages of development and morphogenesis. Thus, the purpose of the present study was to examine and compare the mineralization and dentinogenic potentials of primary pulp cultures derived from unerupted (before root formation) and erupted (with almost complete root formation and after completion of crown morphogenesis) murine molars. We have examined the expression of various surface antigens shown to be expressed by "MSC-like population" and the multipotency of dental pulps of the erupted and unerupted murine molars.
Materials and Methods

Primary dental pulp cultures
The coronal portions of the pulps from first molars from 5 to 7 days old (P5-P7) suckling and P18-21 weanling CD1 mice with unerupted and erupted molars respectively were isolated and prepared for primary cultures as previously described [37, 38] . Briefly, isolated pulps were digested with an enzyme mixture containing 0.05% trypsin-EDTA (Invitrogen, USA) and 1.5 U/ml of Collagenase P (Roche, USA) in Phosphate Buffer saline (PBS) at 37°C for 30 min on a rocking platform. A single-cell suspension was obtained by passing the cells through narrowed Pasteur pipettes and a 70-μm strainer. Cells were plated at a density of 5×10 5 cells/ 35-mm well (5×10 4 cells/cm 2) and grown first in media containing Dulbecco's modified Eagles' medium (DMEM, Invitrogen), 20% fetal bovine serum (FBS, Hyclone, USA), 40U/ ml of penicillin and 40μg/ml of streptomycin, 0.1mg/ml of Fungizone (Invitrogen) and 2mM Glutamine (Invitrogen) at 37°C and 5% CO 2 . Three days later, the media was changed to media containing 10% FBS.
Bone marrow stromal cell (BMSC) cultures
BMSC were prepared from femurs and tibiae as described before [39] [40] [41] with minor modifications. Briefly, long bones were dissected from surrounding tissues. The epiphyseal growth plates were removed and the marrow was collected either by flushing with a 25 gauge needle (P18-21) [39, 40] or rapid centrifugation at 9000 rpm for 15 sec (P5-7) [41] in minimal essential medium (αMEM, Invitrogen) containing 40 U/ml Penicillin, 40 μg/ml streptomycin and 10% FCS. Single cell suspensions were prepared as described for pulp cells. BMSC were plated at a density of 5.2 × 10 6 cells /35-mm (5.2 × 10 5 cells/cm 2 ).
Primary Calvarial Osteoblast (COB) Cultures
Calvarial cells were isolated from 5-7-day-old suckling mice and prepared for culture as described before [42] . After removal of sutures and adherent mesenchymal tissues, calvaria were subjected to four sequential 15-min enzyme digestions at 37°C in solution containing 0.05% trypsin-EDTA and 1.5 U/ml of Collagenase P in PBS. Cells released from the second to fourth digestions were pooled, centrifuged, resuspended in media, and plated at density of 2×10 5 cells/35-mm well (2×10 4 cells/cm 2 ) in low glucose DMEM containing 10% FCS, 40U/ ml penicillin, 40mg/ml streptomycin and 0.1mg/ml of Fungizone.
Induction, detection and quantification of mineralization in cultures
Mineralization was induced in all primary cultures by addition of media containing αMEM, 10% FCS, 40 U/ml penicillin, 40 mg/ml streptomycin, 50 μg/ml ascorbic acid, and 4 mM β-glycerol phosphate to confluent cultures (around day 7) [37, 38] . Mineralization in various cultures was assayed using a modified von Kossa silver nitrate staining protocol [43, 44] to examine the phosphate deposits/contents respectively. After staining, images were acquired using a scanner and the area of mineralization (black precipitate) in each well was quantified using NIH ImageJ software and is represented as the percentage of total area analyzed as described before [45] .
Induction, detection and quantification of adipogenesis in cultures
Adipogenesis was induced in primary cultures by addition of various adipogenic media (0.5 μM rosiglitazone and 1μM insulin [39] ) (1μM dexamethason, 0.5μM IBMX and 1μM insulin [46, 47] ) and (0.5μM IBMX, 0.5μM hydrocortisone and 60mM indomethacin [46, 47] ) to confluent cultures. Oil Red O (ORO) staining was performed according to established protocol, to detect fat vacuoles [48] . After 1-hour of staining, wells were washed several times with water, air-dried and imaged.
Induction, detection and quantification of chondrogenesis in cultures
Chondrogenesis was examined using micromass cultures as previously described [49] [50] [51] [52] . Briefly, freshly isolated cells were dissociated and plated as 20 μl spots containing 2.5 × 10 5 cells (2×10 7 cells/ml) in the center of 4 well plates. After 2 hours of incubation at 37°C media containing a 60:40 ratio of F12:DMEM, 10% fetal calf serum, 2mM glutamine, 200μg/ml ascorbic acid, 100U/ml penicillin, 100μg/ml streptomycin, 0.25μg/ml Fungizone with or without addition of 10ng/ml of TGF-β3 [50, 52, 53] was added and changed every other day. The accumulation of cartilage matrix was monitored histochemically by staining with Alcian Blue staining of the whole micromass cultures as [50, [52] [53] [54] .
RNA extraction and analysis
Total RNA was isolated in TRIzol reagent (Invitrogen, The Netherlands) according to the manufacturer's protocol and treated with RNase-free DNase. Isolated RNAs were reverse transcribed by Superscript II reverse transcriptase (Life Technologies) with oligo dT primers. Subsequent PCR amplifications were carried out using specific primers for GAPDH [55] , osteocalcin (OC) [56] , bone sialoprotein (BSP), dentin matrix protein 1 (DMP1) [57] , Type I collagen (Col1a1) [58] , dentin sialophosphoprotein (DSPP) [32] , peroxisome proliferationactivated receptor gamma 2 (PPARγ2) [59] , and fatty acid binding protein 4 (FABP4, also known as aP2) [60] , Sox9 [61] and Type II collagen (Col2a1) at conditions outlined in Supplemental Table 1 . All RT-PCR reactions were performed at the linear phase and were carried out with at least three independent isolates of RNA. Controls for each reaction included no RT reaction, elimination of cDNA, primers, or Taq polymerase in the reactions. RT-PCR products were resolved on 1% agarose gel, stained with ethidium bromide, and digitally photographed.
The expression of DSPP and DMP1 in these cultures was also examined by quantitative polymerase chain reaction using 2 ng of cDNA and 2X TaqMan universal PCR master mix (Applied Biosystems, USA) using a one-step program (50°C for 2 min and 95°C for 10 min) followed by 95°C for 30 s, and 59°C for 1 min for 40 cycles. TaqMan gene expression assays for DSPP (00515666_m1), DMP1 (00803833_g1) and GAPDH (99999915_g1) were purchased from Applied Biosystems. Gene specific assays were run in quadruplicate in an iCycler thermocycler (BioRad, iCycler, USA) and analyzed using iQv3.1 post-run analysis software. The relative expression level for each target gene, normalized to GAPDH, was calculated using the comparative C T method [62] ; amplification efficiency for each TaqMan assay was determined using internal standard curves derived from purified amplicon, diluted 2-fold (2 ng -0.125 ng) assayed performed in duplicate. Values represent mean ± SE and were determined from four independent experiments. Statistical significance was established by comparing the GAPDH-normalized values in Prism v5.1 (GraphPad software, USA).
Flow Cytometric Analysis (FACS)
Flow cytometry was done on a BD FacsCalibur cytometer and data were processed using Cell Quest software using various commercially available anti-mouse antibodies including CD45.2-Biotin (104); CD117-APC (2B8); Sca-1-PE (D7); and CD90/Thy1.2-FITC (53-2.1). Approximately 0.5-1 ×10 6 cells was incubated with pre-titrated antibodies (1:50-1:800), in the presence of rat Ig (when necessary), washed and resuspended in 300μl of staining medium containing 1μg/ml of PI (propidium iodide) [58] . Between 20,000 and 100,000 cells was used for analysis.
Immunocytochemistry
Cultured cells were processed for immunocytochemistry using established protocol with some modifications [63] . Briefly, cells were fixed with 2% paraformaldehyde at +4°C for 30min, washed with PBS (3×10min) and incubated with 3% milk in PBS to block nonspecific staining. Cells were then incubated with 1:200 dilution of Anti-DSP [LF-153 (kind gift from Dr. Larry Fisher)] for 1 hour at room temperature, washed with PBS (3×10min) and incubated with secondary antibody (Alexa Fluor 568 goat anti-rabbit, 1:800) (Invitrogen, USA) for 1 hour at room temperature). DAPI staining was used to stain the nuclei. To correlate the DSP signal with mineralized nodules, live cultures were incubated with Calcein Blue (30mM) (Sigma, USA) overnight at 37°C prior to processing for immunocytochemistry with anti-DSP. Images were obtained under fluorescent microscope using appropriate filters.
Confocal microscopy
Cells cultured on coverslips were fixed and processed for immunocytochemistry and examination under confocal microscopy as described before. Cells were incubated with 1:400 dilution of anti-DSP antibody for 60 min at room temperature. After washing cells were incubated for 60 min at room temperature with a 1:800 dilution of secondary Alexa Fluor 568 goat anti-rabbit antibody. For nuclear detection, samples were incubated with TO-PRO-3 (Invitrogen, USA, 1:500 in PBS) for 30min. After staining cells were mounted to a slide with Prolong Gold anti-fade reagent (Invitrogen, A). Zeiss (Thornwood, NY) LSM 510 confocal laser scanning microscope with a 63×, 1.4 numerical aperture oil immersion objective was used to collect images by simultaneous recording in the 568λ and 647λ channels .
Detection of blood vessels
Blood vessels in dental pulps of freshly isolated molars were analyzed using Orcein/Giemsa Staining [64] and immunohistochemistry with CD31 antibody for detection of endothelial cells in blood vessels [65] . Mandibles obtained from P5-7 and P18-21 mice were fixed, decalcified, and embedded in paraffin using standard protocols. Seven μm sections were stained for 30 min in Acid Orcein solution (0.2% Orcein, 0.6% HCl in 70% ethanol) and counterstained overnight at room temperature with diluted Giemsa solution (2 drops of stock solution in 50ml of water, pH:7). Adjacent sections were processed for immunohistochemistry. Sections were incubated overnight at 4°C with 1:100 dilution of monoclonal rat-anti mouse CD31 (Abcam) and then for 30 min at room temperature with a 1:200 dilution of secondary biotinylated rabbit-anti-rat antibody followed by a 30 min incubation with avidin biotinylated horseradish peroxidase (Vector Labs). 3-3′-Diaminobenzidine (DAB Substrate Kit, Vector Labs) was used as the substrate for horseradish peroxidase.
Statistical analysis
Unpaired, two-tailed t-tests were performed to determine statistically significant differences and p<0.05 was considered statistically significant.
Results
Characterization of primary dental pulp cultures from unerupted (P5-7) molars
The coronal portions of the pulps from unerupted molars of P5-7 mice, that contained no evidence of root formation were isolated and prepared for primary cultures. Freshly isolated pulps from unerupted molars contained approximately 1.12 ± 0.1 × 10 4 cells per tooth (n=3). Under culture conditions used in our studies, these cells proliferated rapidly (Supplemental Table 2 ) and reached confluence at day 7 (not shown).
Following the addition of minerlization inducing media containing 50 μg/ml of ascorbic acid and 4mM β-glycerophosphate at day 7, primary pulp cultures formed distinct multi-layered individual nodules. von Kossa staining showed first signs of mineralization around day 10 ( Figure 1B ) that increased thereafter ( Figure 1C and D) . Quantification of the mineralized area showed significant increases in the extent of mineralization with time in these cultures (Table 1, Figure 1A-D) . At day 21 almost the entire culture dish was covered by a sheet of von Kossa stained mineralized tissue ( Figure 1D ).
Using similar culture conditions, we also examined the mineralization in primary cultures derived from bone marrow stromal cells (BMSC) (Figure 1E -H) and calvaria osteoblasts (COB) ( Figure 1I -L) derived from P5-7 mice, as these cells are routinely used for studying mineralization in vitro.
Under these conditions, the non-hematopoietic attached cells from bone marrow (BMSCs) proliferated and reached an optimal density at day 7 (Supplemental Table 2 ). The number of attached cells in the cultured BMSCs at 7 was higher than that in primary dental pulp cultures. In BMSCs, the mineralization occurred at around day 10 and increased thereafter ( (Figure 1F-H and Table 1 ). Compared to sheeth of mineralization seen in dental pulp cultures, BMSC cultures displayed patchy distribution of the mineralized nodules ( Figure 1G and 1H ).
COB cultures also proliferated and reached confluence at day 7 (Supplemental Table 2 ). The number of attached cells at day 7 in COB cultures was comparable to the number of attached cells in primary dental pulp cultures. The onset of mineralization in COB cultures was around day 14 ( Figure 1K ). With time in culture, there were increases in the amount of mineralization ( Figure 1I -L and Table 1 ). Similar to BMSC, COB cultures also displayed patchy distribution of the mineralized nodules (compare Figure 1H and 1L ).
Next the patterns of expression of selected known markers for early and late stages of mineralization and odontoblast differentiation were examined in these cultures at various time points by semi-quantitative and quantitative RT-PCR analyses. In cultures derived from dental pulp of unerupted molars, high levels of Col1a1 mRNA were detected at day 7 with slight decreases thereafter (days 14 and 21) (Figure 2A) . BSP, DMP1, OC and DSPP mRNA were not detected at day 7, were expressed at low levels at day 14 and increased significantly at day 21 ( Figure 2B -E). The qPCR showed five folds increases in the levels of DMP1 and DSPP at day 21 as compared to day 14 respectively (Supplemental Table 3 ). The expression of DSPP in these cultures indicated the presence of odontoblasts-like cells secreting dentin mineralized matrix.
Analysis of BMSC and COB cultures showed that the temporal patterns of expression of Col1a1, BSP, DMP1 and OC were similar to those in dental pulp cultures (Figure 2A-D) . The levels of DMP1 were significantly increased at day 21 as compared to day 14 in these cultures (Supplemental Table 3 ). However, DSPP expression was not detected in BMSC or COB cultures at any time point (Figure 2 and Supplemental Table 3 ).
To gain further insight into the dentinogenic potential immunocytochemical analysis with anti-DSP antibody was performed on cultures at days 14 and 21. In the dental pulp cultures, expression of DSP was detected in some but not all mineralized nodules (identified by Calcein Blue uptake) ( Figures 3A-F) . In these cultures DSP expression was detected in the extracellular matrix and cytoplasm but not in the nuclei (Figure 3G-I) . Further quantitative analysis of the entire culture dish showed that in dental pulp cultures, approximately 50% to 55% of the mineralized nodules contained DSP expressing cells at days 14 and 21 respectively (n=3, Figure  4A -F). Immunocytochemical analysis of BMSC ( Figure 4G -I) and COB cultures (data not shown) showed the lack of DSP expression in these cultures that was consistent with the lack of expression of DSPP. Expression of DSP was not detected in control cultures (14 days old NIH3T3 fibroblast cultures incubated with anti-DSP and pulp cultures incubated with rabbit serum and secondary antibody) (data not shown).
Taken together, these data suggest that in vitro osteogenesis is shared by cells derived from dental pulps, BMSC and COB, whereas in vitro dentinogenesis is unique to cells derived from dental pulps. The in vitro differentiation of cells derived from dental pulp of murine molars into osteoblast-and odontoblast-like cells in the present study is consistent with our previous observation in explanted murine dental pulps [8] and in vitro osteogenesis in human pulp cells (reviewed by [15] ).
Our finding that DSPP and DSP are not expressed in osteoblasts differs from previous studies reporting low but detectable levels of DSPP and DSP in bone in vivo and in vitro [34, [66] [67] [68] [69] [70] . These discrepancies most likely arise from differences in the sensitivity of the detection method used: previous studies detected low levels of DSPP in osteoblasts by semi-quantitative RT-PCR after 40 cycles of amplification of approximately 10-100 ng of cDNA, while, in our study, 20 ng (semi-quantitative) and 2 ng (qRT-PCR) of cDNA were amplified for 30 and 40 cycles, respectively.
Immunophenotype of cells in dental pulps
We next examined in the expression of selected surface markers of the "MSC-like population" by flow cytometric analysis in freshly isolated dental pulps from unerupted murine molars and freshly isolated bone marrow of P5-7 mice. STRO-1 is the monoclonal antibody most extensively used for the characterization and isolation of multipotent "MSC-like population" [9, 16, [71] [72] [73] [74] . However, STRO-1 antibody has been mostly effective in isolation of MSC from human and rat tissues [33, 75, 76] . Because of the limited and controversial reports on the specificity of the available STRO-1 antibody for mice cells [77] , the MSC-like population in the dental pulp and bone marrow of mice were studied by examining the expression of CD90, CD117 and Sca-1 [78] [79] [80] [81] [82] [83] [84] [85] [86] .
Freshly isolated pulp from unerupted molars contained very low representation of cells with hematopoietic lineage phenotypes (CD45), very high percentage of CD90+ and CD117+ cells, and low percentage of cells expressing Sca-1 ( Figure 5 and Table 2A ). Cells isolated from bone marrow of P5-7 mice, contained high percentage of CD45+ cells. The percentage of Sca-1+/ CD45-cells in bone marrow was similar to that in dental pulp ( Figure 5 and Table 2A ). However, the percentage of CD90+/CD45-and CD117+/CD45-cells in bone marrow was significantly lower than that in dental pulp from unerupted molars ( Figure 5 and Table 2A ).
Adipogenic and chondrogenic differentiation was not detected in primary dental pulp cultures from unerupted (P5-7) molars
Our observations showed that dental pulp of the unerupted (P5-7) molars contained very little CD45+ cells and high percentage of cells expressing multiple surface antigens, suggested to be markers of "MSC-like cells". "MSC-like cells" in different tissues have been characterized by their potential and ability to differentiate into at least three; osteogenic, adipogenic and chondrogenic lineages [81] . Our observations showed that cells derived from dental pulp of unerupted molars have the ability to differentiate into bone-and dentin-like tissues indicating the osteo/dentinogenic potential of cells within dental pulp. To gain further insight into additional differentiation potential of dental pulp of unerupted molars, their adipogenic and chondrogenic potentials were examined.
Adipogenic differentiation was induced in confluent primary cultures by treatment with rosiglitazone and insulin, as described in Materials and Methods ( Figure 6 ). In these experiments, BMSC were used as controls, as previous studies have shown extensive in vitro adipogenic potential of BMSC [87] . Under the adipogenic conditions used in our study, BMSC differentiate into a significant number of mature adipocytes as evidenced by accumulation of lipid-rich vacuoles within cells that stained with Oil Red O at day 10 (data not shown). These cells continued to develop and remained healthy in cultures up to 6-7 weeks ( Figure 6A and A') . RT-PCR analysis of total RNA extracted from 6 weeks old BMSC cultures ( Figure 6D ) showed the expression of PPARγ2, expressed primarily in adipose tissue and an important regulator of adipogenesis [88] and FABP4, also known as AP2, normally expressed by adipocytes and macrophages with important role in the lipid metabolism [89] , in these cultures. Under these conditions, adipogenic differentiation was not detected in cultures derived from pulps of unerupted molars as evident by lack of detectable Oil Red O staining ( Figure 6B and 6B') and the lack of expression of PPARγ2 and FABP4 ( Figure 6D ). Media supplemented with other adipogenic inducing reagents described in Materials and Methods did not change the extent and the sequence of adipogenesis in BMSC and confirmed the inability of the cells derived from dental pulps of the unerupted molars to undergo adipogenic differentiation (data not shown).
Chondrogenic differentiation was assayed using well-characterized micromass culture system with and without addition of TGF β3 as described by others [49, 50, 52] . In these experiments, micromass cultures derived from E11 mandibular mesenchyme were used as control ( Figure  7A and 7A'). Chondrogenic differentiation assayed by the accumulation of sulfated proteoglycans stained with Alcian Blue was apparent in micromass cultures derived from E11 mandibular mesenchyme at day 4 (data not shown). Over the next days, cartilage nodules increased in size, stained more intensely with Alcian Blue and new nodules appeared at the periphery of the culture ( Figure 7A and 7A') . RT-PCR analysis showed expression of Sox9 (an early marker of chondrogenic differentiation) and Col2a1 (a marker for later stage of chondrogenic differentiation) in RNA isolated from 10 days old micromass cultures derived from E11 mandibular mesenchyme ( Figure 7E ).
Under these conditions, chondrogenic differentiation assayed by Alcian Blue staining and expression of Col2a1 was evident in BMSC micromass cultures after 14 days ( Figure 7B , 7B' and 7E), but not in cultures derived from pulps of unerupted molars. (Figure 7C, 7C' and 7E) . On the other hand, Sox9 expression in cultures derived from dental pulp of unerupted molars and BMSC, suggesting the presence of chondroprogenitors ( Figure 7E ). Addition of media supplemented with TGF-β3 enhanced the chondrogenesis in BMSC micromass cultures but did not induce chondrogenic differentiation by dental pulp from unerupted molars (data not shown). The chondrogenic potential of BMSC in micromass culture in our study is consistent with previous observations using pellet cultures for examination of chondrogenic potential (reviewed by [19, 53] ) and showed the feasibility of utilizing micromass cultures for these studies.
Characterization of primary dental pulp cultures from P18-P21 (erupted) molars
Previous studies have isolated and characterized a putative post-natal stem cell (DPSCs) [9] also referred to as "dental MSC-like population" from various human teeth [15] . To gain a better understanding of possible changes in characteristics of murine dental pulps after eruption, the coronal portion of pulps from erupted first molars from P18-P21 mice with almost complete root formation and after completion of crown morphogenesis were isolated and subjected to various analyses described for unerupted molars.
Freshly isolated pulps from erupted molars contained significantly lower number of cells than that in unerupted molars (approximately 0.18 ± 0.01 × 10 4 cells per tooth, n=3). FACS analysis of the freshly isolated cells from P18-21 (erupted) molars showed significant changes in the percentage of cells expressing various markers as compared to unerupted molars. This population contained significantly higher percentage of CD45+ cells (Table 2A) but lower percentage of CD90+/CD45-, and CD117+/CD45-cells (Table 2A ). The percentage of Sca-1 +/CD45-was low and very similar to that in unerupted molars (Table 2A ). The increases in the representation of CD45+ cells in erupted molars as compared to unerupted molars was consistent with increases in the vascularization in the pulps of erupted molars (Figure 8 ).
In primary cultures established from pulps of erupted molars ( Figure 1M -P) cells proliferated and reached confluence at around day 7. The number of attached cells at day 7 in cultures derived from erupted molars were similar to those in unerupted molars (Supplemental Table  2 ). In these cultures the first sign of mineralization was around day 14 ( Figure 1O ) with increases thereafter. At day 14, these cultures contained a few mineralized nodules, which covered approximately 1% of the 35 mm culture dishes ( Figure 1O and Table 1 ). The mineralized area in these cultures increased at day 21 to approximately 8% ( Figure 1P and Table 1 ).
RT-PCR and immunocytochemical analyses of cultures derived from coronal portion of the pulp from erupted molars indicated that mineralization in these cultures also contained boneand dentin-like matrices (data not shown). These observations demonstrated significant reduction in cellularity, and delayed and reduced mineralization by primary pulp cultures from erupted molars (P18-21) as compared to unerupted molars (P5-7).
Under the same conditions, the mineralization potential of the BMSC derived from P18-21 mice ( Figure 1Q -T and Table 1 ) were similar to that in BMSC cultures derived from P5-7 mice ( Figure 1E -H and Table 1 ). FACS analysis showed that unlike in dental pulp, the percentages of cells expressing various markers were similar between bone marrow isolated from P5-7 and P18-21 mice (Table 2A) . Furthermore, freshly isolated bone marrow isolated from P18-21 mice, contained significantly higher representation of CD45+, CD90+/CD45-, CD117+/CD45-and Sca-1+/CD45-cells as compared to dental pulps from P18-21 mice (Table 2A ). These observations suggested that changes in the mineralization potential and the expression of surface markers in cultures derived from pulp of erupted and unerupted molars were not related solely to chronological age, but to stage of morphogenesis and eruption of teeth.
We next examined the chondrogenic and adipogenic differentiation in cultures derived from pulps of erupted molars. When cells isolated from erupted molars were exposed to the adipogenic conditions, adipogenic differentiation assayed by Oil Red O staining was not apparent at day 10 and became apparent only at 6 weeks ( Figure 6C and 6C'). RT-PCR analysis showed the expression of PPARγ2 and FABP4, in RNA extracted from 6 weeks old cultures of dental pulp from erupted molars ( Figure 6D ). The expression of PPARγ2 and FABP4 and the extent of Oil Red O staining in pulp cultures from erupted molars was significantly lower than that in BMSC cultures indicating reduced adipogenic differentiation in dental pulp cultures ( Figure 6D ).
Chondrogenic differentiation was evident in micromass cultures derived from erupted molars after 4 to 6 weeks ( Figure 7D, 7D' and 7E ). The levels of Col2a1 and Alcian Blue staining in these cultures were significantly lower than that in cultures from mandibular mesenchyme but similar to that in BMSC cultures ( Figure 7E ). The chondrogenic potential of dental pulp cells from erupted molars are consistent with previously reported results for DPSCs [90] . Taken together, these observations showed that dental pulps from erupted molars contain cells capable of giving rise to adipocytes and chondrocytes in vitro. However, this population of cells required a longer induction period to differentiate into adipocytes and chondrocytes and the frequency and degree of differentiation was significantly lower than that in BMSC.
We also examined the changes in the distribution of CD90, CD117, and Sca-1 during the first 7 days of cultures, prior to addition of various differentiation inducing medias in our study (Table 2B) . FACS analysis showed increases in the percentage of CD90+/CD45-and Sca-1+/ CD45-after 7 days in cultures from erupted molar as compared to the freshly isolated cells (Table 2B ). These observations suggested that CD90+ and Sca1+ population represent at least a fraction of "MSC-like population" in the dental pulp of the erupted molar. However, similar analysis in cultures derived from unerupted molars showed increases in the percentage of Sca-1 +/CD45-cells after 7 days in culture as compared to freshly isolated cells from unerupted molar pulps (Table 2B ). These observations suggest that culture conditions support proliferation of the Sca-1+/CD45-subpopulation during the first 7 days. However, based on the inability of the cells isolated from unerupted molars to differentiate into adipocytes and chondrocytes, Sca-1+/CD45-population most likely does not represent MSC-like population in dental pulps of the erupted molars.
Discussion
Mineralization and dentinogenic potential of primary cultures derived from dental pulp Our study showed that freshly isolated cells from unerupted molars (P5-7) contained very little CD45+ cells and high percentage of CD90+/CD45-, CD117+/CD45-and Sca-+/CD45-. When subjected to mineralization inducing conditions primary cultures derived from dental pulp from unerupted molars displayed extensive in vitro mineralization potential. Further analysis showed that these cells differentiated into both osteoblast-and odontoblast-like cells secreting bone-and dentin-like matrices respectively. However, cultures derived from dental pulp of unerupted molars were not able to give rise to adipocytes and chondrocytes.
Based on our findings, we propose that dental pulps of the unerupted molars do not contain multipotent or "MSC-like" populations and contain primarily progenitor cells committed to dentinogenic/osteogenic lineage. The progenitor population in the pulps of unerupted molars includes the remaining dental papilla cells located in the cervical loops of the crown committed to odontoblast lineage. In the unerupted molars, this population is actively engaged in the formation of radicular dentin and primary dentin necessary for completion of crown morphogenesis [91] . It is well established that root development occurs after crown formation and is associated with the formation of Hertwig's epithelial root sheath (HERS). HERS is formed by the fusion of the inner and outer enamel epithelium in the cervical loop of the enamel organ. As the epithelial cells of the cervical loop proliferate apically to form HERS dental papilla cells in its close proximity differentiate into radicular odontoblasts while dental follicle differentiates into cementoblasts, osteoblasts, and fibroblasts of the PDL [92] .
The behavior of cells from pulps of unerupted molars in our study suggests that previously identified "dental-MSC-like population" from pulps of teeth before complete morphogenesis and eruption represent a group of progenitor cells highly committed to the osteo/dentinogenic lineage and not necessarily "MSC-like population". Studies on cells derived from the apical papilla of human impacted molars with incomplete root formation [20] showed that these cells proliferated faster than DPSCs, exhibited higher telomerase activity and contained cells expressing markers of MSC including STRO-1+ (approximately 18%), and CD90+ (approximately 95%). The mineralization potential of cells derived from the human apical papilla was comparable to DPSC and BMSC, whereas the adipogenic potential was much less [20] . Interestingly, in this population, STRO-1+ cells co-expressed a variety of osteo/ dentinogenic markers and were termed stem cells from the apical papilla (SCAP) [20] . Our observations also show that markers of "MSC-like population" are also expressed by progenitor populations and thus cannot be used for isolation of MSC exclusively. Our results also argue that SCAP are mainly progenitor population.
Our findings also showed that freshly isolated cells from erupted molars (P18-21) contained approximately 37-38% CD45+ cells and significantly lower representation of CD90+/CD45-, CD117+/CD45-and Sca-+/CD45-as compared to unerupted molars. There was also a significant reduction in the mineralization potential of the pulp cells derived from the coronal portion of erupted molars as compared to unerupted molars. However, despite these reductions, adipogenesis and chondrogenesis were observed in cultures derived from pulps of erupted molars. It is important to note that there were significant difference in the frequency and the degree of differentiation into adipocytes and chondrocytes in cultures from dental pulps of erupted molars and BMSC. Cell populations from the coronal portion of the erupted dental pulp required a longer induction period to differentiate into a very few adipocytes and chondrocytes as compared with BMSC. Based on these observations, we suggest that unlike the dental pulp cells from unerupted molars, dental pulp cells from the erupted molars have a broad differentiation potential. Dental pulp in vivo is composed of heterogeneous cell population containing several different cell types including fibroblasts, undifferentiated cells, nerve and blood vessels. However, adipocytes and chondrocytes are not among the cellular constituent of dental pulp. Thus, to further characterize the differentiation potential of cells within dental pulps from erupted murine molars in vivo transplantation assays, considered to be the gold standard for studying the differentiation potential of "MSC-like populations" from various sources, need to be used. Furthermore, additional studies using clonal cells are necessary to examine the differentiation potential and multipotency of single cell/clones derived from the dental pulp of murine erupted molars.
Based on these observations, we suggest dental pulp of the erupted murine molars contain a small population of multipotent stem cells that most likely is among the populations involved in formation of the new generation of odontoblasts-like cells giving rise to reparative dentin. This possibility is consistent with previous observations in human DPSC that (Gronthos et al, 2002) . However, it is important to note that cells derived from dental pulps of human and various animal models have not been able to support hematopoiesis [15, 19] .
Our observations showed a correlation between expression of marker of hematopoietic component, vascularization, root formation, eruption and the differentiation into various cell types in the pulps. Cells isolated from unerupted molars did not contain many CD45+ or blood vessels and gave rise to extensive amount of mineralized tissue but not adipocytes and chondrocytes. In contrast, pulps from erupted molars contained approximately 37-38% CD45 + cells, numerous blood vessels and gave rise to limited amount of mineralized tissue, adipocytes and chondrocytes. These observations are suggestive of an association between appearance of the multipotent cells in the dental pulp with the arrival of blood vessels and associated structures (reviewed by [93] [94] [95] ). This possibility is in line with several studies that suggested that putative stem cells in the dental pulp reside in a perivascular niche [13, 17] . Further experiments are in progress to examine this possibility by examining the distribution and the differentiation potential of cells expressing perivascular markers (α-smooth muscle actin, 3G5) [17, 65] . Furthermore, in the light of evidence indicating the adipogenic and chondrogenic potentials of circulating progenitor cells in mice and guinea pig model respectively [96, 97] , the possibility of presence of limited number of multipotent progenitor/ stem population in the circulating blood in mice cannot be excluded .
Comparison of dental pulp and BMSC
Studies in human showed that BMSC share numerous characteristics with DPSC, in that both populations can differentiate into multiple mesenchymal cell lineages [10, 95, 98] . Furthermore, previous studies suggested that both cell populations could be used to generate dental structures under proper conditions [9, 10, 12, 99, 100] . It has been shown that BMSC are able to form cementum, PDL and alveolar bone after implantation into defective periodontal tissues [26] .
However, despite these similarities, our observations showed the lack of dentinogenic potential in BMSC that together with previous studies [101, 102] point out to significant differences between these two populations. These findings together imply that BMSC may not be an optimal substitute for dental mesenchymal cells in tooth engineering. Similarly, the available evidence suggest that cells derived from dental pulp may not be a good substitute for skeletal stem cells derived from bone marrow of the long bones. The dental pulp and the bones in the craniofacial complex are primarily derived from cranial neural crest. On the other hand the appendicular or axial bones are derived from mesoderm. It has been shown that transplanted DPSC formed dentin-pulp complex that contained blood vessels but did not form the hematopoietic, fat containing marrow that present in the long bone and is formed by skeletal stem cells derived from bone marrow. These differences most likely reflect the embryonic origin and mode of ossification (intramembranous vs. endochondral ossification) between mesodermally derived bone and neural crest derived bones. The long bones contain appreciable large marrow spaces with hematopoietic components, whereas the bones in the craniofacial complex are more dense and contain less or smaller marrow spaces [103] . The formation of dentin by cells derived from dental pulp together with their inability to give rise to an organized hematopoietic marrow provide evidence that cells from dental pulp may not substitute for skeletal stem cells derived from bone marrow.
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Refer to Web version on PubMed Central for supplementary material. von Kossa staining of mineralized tissue in primary cultures established from dental pulp (A-D and M-P), BMSC (E-H and Q-T) and calvaria osteoblasts (I-L) of P5-7 (A-L) and P18-21 (M-T) mice at various time points. In cultures derived from dental pulp and BMSC isolated from P5-7, the first sign of mineralization is at day 10 (B, F) and increased at days 14 and 21 (D, H). In cultures derived from calvaria osteoblasts from P5-7 mice, the first sign of mineralization is at day 14 (K). In cultures derived from dental pulp isolated from P18-21 (M-P), the first sign of mineralization is at day 14 (O) with increased at days 14 and 21 (P). Note the reduced amount of mineralization in these cultures as compared to cultures derived from pulps from P5-7 (A-D). In all cultures, the expression of Col1a1 (A) was detected at the highest levels at day 7 with decreases thereafter. In all cultures, expression of BSP (B), OC (C) and DMP1 (D) were not detected at day 7, appeared at day 14 and increased at day 21. Expression of DSPP (E) was detected only in dental pulp cultures. In cultures from dental pulp DSPP expression was detected first at day 14 and increased at day 21. Values represent mean value ± S.E of four independent experiments. Flow cytometry analysis of the expression of CD45 (y axis), CD90, CD117 and Sca-1 (X-axes) cell surface markers in freshly isolated and cultured dental pulp cells and freshly isolated bone marrow from P5-7 mice. Note that freshly isolated dental pulp cells from unerupted molars contained high number of cells expressing markers of MSC (CD90, CD117 and Sca-1), and very low number of cells expressing hematopoietic stem cell marker CD45. On the other hand, cells isolated from bone marrow contained high number of CD45+, and moderate number of cells expressing CD90, CD117 and Sca-1. During the 7 days in culture there were increases in the number of Sca-1+ and decreases in the number of CD90+ and CD117+ cells. (A, A' ). Limited number of Alcian Blue stained nodules is detected in micromass cultures derived from BMSC (arrows in B, B') and dental pulp from erupted (P18-P21) molars (arrows in D, D'). Chondrogenesis and Alcian Blue stained nodules were not detected in micromass cultures derived from dental pulps from unerupted (P5-7) molars (C, C'). Scale bars in A'-D'= 100 μm. (E) RT-PCR analysis of expression of marker of chondrogenesis in micromass cultures Note the high levels of Col2a1 and Sox9 expression in micromass cultures established from E11.5 mandibular mesenchyme. Levels of Col2a1 expression in the micromass cultures from the erupted (P18-P21) molars and BMSC are low but detectable. Also note the lack of Col2a1 expression in the micromass cultures from the dental pulps from unerupted (P5-7) molars. Sox9 expression was detected in low but detectable levels in all micromass cultures. Characterization of the expression of cell surface markers 
